Lens development provides a good model system for studying cellular and molecular mechanisms underlying embryonic induction and morphogenesis. Members of the large Maf family of transcription factors, L-Maf and c-Maf, have been shown to play key roles in chick and mouse lens development. Here we report identi®cation of two Xenopus maf genes, XmafB and XL-maf, which exhibit unique temporal and spatial expression patterns during lens formation. XmafB can ®rst be detected in the presumptive lens-forming ectoderm, when the primary eye vesicle makes contact with the head ectoderm. XL-maf expression appears a little later, just before thickening of the lens placode, and both XmafB and XL-maf can be detected in the lens placode. During lens vesicle formation, the expression domains of XmafB and XL-maf segregated from each other, resulting in restricted expression in lens epithelial and ®ber cells, respectively. When the optic cup anlagen was removed, only XmafB expression is detected. Both Mafs can induce the lens ®ber cell-speci®c markers, bA4-and g-crystallins. In animal cap assays, XmafB can induce Pax6, Xlens1 and Sox3 expression, but XL-maf fails to induce Pax6 and Xlens1 expression. These results suggest that these maf genes are involved in the regulation of cell-type speci®c gene expression and play roles in inductive events during Xenopus lens development. q
Introduction
During embryonic development, speci®c tissue interactions play important roles in determining different cell fates. One example of such biological phenomena is`lens induction'. The lens consists of epithelial cells with the ability to proliferate and of terminally differentiated ®ber cells, and contains several classes of crystallins. Crystallins, abundant soluble structural proteins, are good markers for lens differentiation, as their expression are restricted to and well correlated with the onset of lens differentiation. As the lens can be easily distinguished from other tissues morphologically and biochemically, its development provides a useful model system to study inductive tissue interactions and cell differentiation.
It has been shown that when the optic vesicle of an anuran (Rana fusca) embryo was ablated, no lens forms. From this observation, it was concluded that contact between the underlying optic vesicle with the head ectoderm is required for lens induction. In Rana esculenta, a close relative of the species Rana palustris and Rana sylvatica, and in salmon ®sh, however, a lens can be formed even in the absence of the optic vesicle (Mencl, 1903; King, 1905) . When the optic cup anlagen is removed from Xenopus embryos at the open neural plate stage, so-called`free lenses' are formed (Balinsky, 1951 (Balinsky, , 1957 . From these and other studies, it was concluded that some of the inductive interactions involved in lens determination occur at much earlier stages than at the lens induction stage (Reyer, 1958) . Recent transplantation experiments demonstrate that lens induction can be divided into several inductive steps and that the relative importance of different lens inducers may vary among species.
Several transcription factors have been shown to regulate lens development. Pax6, a paired box-and homeoboxcontaining gene, is necessary for eye development in both vertebrates and invertebrates. Defects in the Pax6 gene cause the ANIRIDIA syndrome in humans (Glaser et al., 1992; Jordan et al., 1992) , the Small eye mutation in mice (Hill et al., 1991) and the eyeless mutation in¯ies (Quiring et al., 1994) . Misexpression of Pax6 results in the formation of ectopic eyes in Drosophila (Halder et al., 1995) and lenses in Xenopus (Altmann et al., 1997) . Six3, the murine homologue of the Drosophila homeobox gene sine oculis required for the development of the visual system (Cheyette et al., 1994) , is expressed in the anterior neural plate, the optic vesicle and the lens (Oliver et al., 1995) . Six3 over-expression induces the formation of ectopic lens and retina in ®sh (Oliver et al., 1996; Loosli et al., 1999) . SOX proteins regulate lens-speci®c transcription of crystallin genes in chick and mouse (Kamachi et al., 1995) , and in Xenopus Sox3 is activated in the presumptive lens-forming ectoderm (PLE) in response to signaling from the optic vesicle (Zygar et al., 1998) . Prox1, a prospero-related homeobox gene, is involved in regulating cell-cycle inhibitors p27 KIP1 and p57 KIP2 in mouse lens differentiation (Wigle et al., 1999) . The fork head gene Xlens1 recently cloned in Xenopus participates in the process of lens development to keep lens ectoderm undifferentiated (Kenyon et al., 1999) . Despite the identi®cation of this plethora of factors the molecular basis of lens induction remains to be clari®ed.
We have isolated chick L-Maf as a factor which binds to the proximal enhancer element in the aA-crystallin gene. LMaf is a novel member of the maf oncogene family that is comprised of basic-leucine zipper motif transcription factors. L-maf expression starts in the lens placode and persists in the developing lens. Overexpression of L-maf in chick neural retina cultures and developing embryos induces lens-speci®c transcription of several crystallin genes (Ogino and Yasuda, 1998) . c-Maf has also been shown to be involved in lens ®ber cell differentiation through regulation of the expression of crystallin genes (Kawauchi et al., 1999; Kim et al., 1999; Ring et al., 2000) . Taken together, these results strongly suggest that maf genes play a critical role in lens induction and differentiation.
The Xenopus system offers several advantages such as the availability of molecular and cellular methods including microinjection, transplantation and animal cap assays for studying embryonic development. As mentioned above, tissue interactions involved in lens formation have also been well characterized through means of transplantation experiments (Grainger, 1992) . To further analyze the role of maf genes during lens formation, we isolated Xenopus Maf homologs by reverse transcription±polymerase chain reaction (RT±PCR) and cDNA screening. Here we describe the differential expression patterns of two maf genes, XmafB and XL-maf, during lens formation, and show that both genes can induce the expression of g-crystallin, suggesting that they are involved in the regulation of cell-type speci®c gene expression and participate in inductive events during Xenopus lens development.
Results

Isolation and characterization of two Xenopus maf cDNAs
To amplify maf related sequences from Xenopus, degenerate primers were designed based upon conserved aminoacid sequences among known Maf proteins. RNA was prepared from stage 28 embryonic heads and used for RT±PCR and two ampli®ed DNA fragments of the expected sizes were subcloned. Sequence analysis identi®ed a 700 bp fragment with considerable homology to the chick mafB gene, therefore we named this clone XmafB. The other clone encoded a 550 bp fragment with some similarity to chick L-maf gene. To obtain full-length sequences, a Xenopus stage 28±30 head cDNA library was screened at high stringency with the RT±PCR fragments as probes.
The longest XmafB cDNA was 1707 bp in length, and contained single open reading frame of 939 bp encoding 313 amino acids. Comparison of the predicted amino acid sequence shows it is highly homologous (83±98%) to other MafB proteins (Fig. 1A) . The longest cDNA of the other clone similar to chick L-maf was 2262 bp and contained a 789 bp open reading frame encoding a predicted 263 amino (Cordes and Barsh, 1994; Eichmann et al., 1997) . XMafB shows 77% overall identity with chick MafB and 69% with mouse MafB/kr. (The GenBank accession number for XmafB is AF202058). (B) XL-Maf is compared to other Maf proteins (Ogino and Yasuda, 1998; Nishizawa et al., 1989; Kataoka et al., 1994a; Farjo et al., 1993) . XL-Maf shows 51% overall identity with chick L-Maf. (The GenBank accession number for XL-maf is AF202059.) The acidic, basic and leucine zipper domain are boxed, in which the percentages represent the amino acid identity. HH indicates clusters of histidine residues. (C) Phylogenetic tree of vertebrate Mafs. The tree was generated by UPGMA method using the whole amino acid sequences of the known Mafs. acids. Comparison of the amino acid sequences with other Maf proteins revealed that this clone shows the highest similarity (91%) in the basic domain to chick L-Maf (Fig.  1B) . We generated the phylogenetic tree of vertebrate Mafs by UPGMA method using the whole amino acid sequences of the known Mafs. Since the tree shows that this clone is the closest to chick L-Maf rather than mouse Nrl and human NRL and its expression is lens-speci®c (see below) like chick L-maf (Ogino and Yasuda, 1998) , we named this clone XL-maf.
XmafB is expressed in lens epithelial cells and rhombomeres 5 and 6
To analyze the spatial distribution of XmafB and XL-maf transcripts in early Xenopus embryos, we performed wholemount in situ hybridization, followed by sectioning stained embryos. XmafB is ®rst detected in the anterior neuroectoderm at stage 14 (arrow in Fig. 2H ). During subsequent formation of the neural tube, the signal becomes distinct in rhombomeres (r) 5 and 6 (arrows in Fig. 2A,I ) and in the derivative neural crest cells (arrows in Figs. 2B H , 3B) and then in the dorsal half of neural tube of r5 and 6 at stage 24 (Fig. 3C) . At stages 22±24 XmafB is also expressed in the presumptive blood islands, forming`V' shape (white arrow in Fig. 2A) . Sections at the level of the abdomen revealed that the signal was found in the mesodermal layer (white arrow in Fig. 3D ). By stage 28 the expression of XmafB in r5 disappears (Fig. 2C ), but becomes detectable in r4 at stage 29/30 (arrow in Fig. 2D ). The expression in r6 persists until stage 33/34 (Fig. 2F ). These expression patterns were con®rmed by double in situ hybridization with Krox20 (Bradley et al., 1993 ; data not shown). In transverse sections of stage 32 embryos cut through r4, the signal was restricted to two bilaterally symmetrical columns of cells in the dorsolateral spinal cord (arrow in Fig. 3E ). The staining observed in the lumen of the gut is background (Fig. 3E ). At stage 33/ 34 strong staining is found in developing somites (arrowhead in Fig. 2F ), which is ®rst detected at stage 23 (arrows in Figs. 2B, 3D). Parasagittal sections of stage 32 embryos showed that XmafB is expressed in myotomal cells (Fig.  3H) . A signal detected in the pronephros at stage 28 is apparent from stage 32 onward (arrows in Fig. 2C ,F). Cross section of stained embryos con®rmed the intense labeling of the developing pronephros at tailbud stage (arrow in Fig. 3F ). XmafB expression is also detectable as speckled signals in the head ectoderm ( Fig. 2E H ±G H ).
Two maf genes exhibit unique temporal and spatial expression patterns during lens formation
XmafB is ®rst detected in the PLE that is in contact with the primary eye vesicle at stage 22 (arrowhead in Fig. 2A H ). As the optic vesicle protrudes XmafB is expressed in the extending eye region (Fig. 2B H ), and then in the developing lens placode (Fig. 2C H ±E H ). Consequently the expression of XmafB is detected in the lens (Fig. 2F H ,G H ). XL-maf is initially expressed in the PLE at stage 24, slightly later than XmafB, just before thickening of the lens placode (arrowheads in Fig. 4A ,A H ). At later stages XL-maf expression is detected in the lens placode ( Fig. 4B H ±D H ) and then is restricted to the lens ( Fig. 2E H ,F H ). Double whole-mount in situ analysis revealed that XmafB expression in the lens placode is broader than that of XL-maf (data not shown). XL-maf expression is also found in the retina at stage 37/38 (arrowheads in Figs. 4F H , 5F H ,G H ). To examine maf expression in more detail during lens formation, embryos stained by whole-mount in situ hybridization were coronally sectioned at the level of the eye. Expression of XmafB and XL-maf are observed only in the inner (sensorial) layer of PLE, which gives rise to the lens placode ( Fig. 5A±C and 5B
H ,C H , respectively). During the process which lens placode cells become distinct from those of the head ectoderm (stage 32±33/34), XmafB is detectable in the anterior part of lens vesicle (arrowheads in Fig. 5E ,F), and XL-maf expression can be detected in the prospective lens ®ber cells of the lens (Fig. 5E H ,F H ). Finally, expression of XmafB is found in the lens epithelial cells which still are able to proliferate (Fig. 5G ). In contrast, XL-maf expression becomes restricted to lens ®ber cells (Fig. 5G H ) and is detect- able in the photoreceptor cell layers of the retina from stage 33/34 onward (arrowheads in Fig. 5F H ,G H ). Thus, expression of these maf genes are temporally and spatially regulated during lens induction and development.
Optic vesicle is required for XL-maf expression
Signals from the optic vesicle are generally required for lens formation although a lens can be formed in the absence of the optic vesicle in some species (King, 1905) . In Xenopus free lens formation is frequently observed when an anlagen of the optic vesicle is ablated at stages 17±18 (Henry and Grainger, 1990) . These free lenses appeared to consist of only lens epithelial cells, suggesting that the optic vesicle is required for lens ®ber differentiation (Mizuno et al., 1998) . This together with the maf expression pattern suggest that signals from the optic vesicle may induce XL-maf expression during lens induction. Therefore we examined maf gene expression in free lens formed in embryos whose eye anlagen was ablated. As shown Fig. 6H , half of the anterior neural tissue at stage 18 embryos was removed and embryos were raised until stage 33/34. On the control side a normal lens formed with a fully developed optic cup expressing Xrx (Mathers et al., 1997) , XmafB expression in the lens epithelium (Fig. 6A,B) and XL-maf in lens ®ber cells (Fig. 6D,E) . On the operated side, a free lens formed that expressed XmafB (52.2%) but not XL-maf (0%; Fig.  6C,F,I ). No optic cup formation was observed on this operated side. Interestingly, XL-maf expression was detected only when ablation of the anterior neural plate was incomplete and residual retina formation could be detected by Xrx expression (100%; Fig. 6G,I ). The type of free lens in these cases histologically resembled lens ®ber cells (data not shown). These results indicate that the optic vesicle is required for XL-maf expression. The expression of XmafB in free lenses suggests that early lens-inducing signals may induce XmafB expression and that free lenses consist of lens epithelial cells.
mafs induce ectopic expression of early lens markers
Pax6 is a paired type homeobox gene necessary for eye development (Hill et al., 1991; Halder et al., 1995) and its ectopic expression has been shown to result in the formation of ectopic lenses in Xenopus embryos (Altmann et al., 1997) . To test whether mafs could mimic this action, synthetic RNAs were injected into the animal pole region of one blastomere in two-cell stage Xenopus embryos. Embryos injected with XmafB displayed ectopic expression of gF-crystallin (xcryf; Brunekreef et al., 1997) ,while the control side showed staining only in the eye (Fig. 7A,B) . The endogenous lens did not form on the injected side only when injected mRNA was localized in the head region near the eye tissue (Fig. 7C,D) .
To determine whether XmafB induces g-crystallin in a cell-autonomous or non-autonomous manner, b-galactosidase RNA was co-injected with maf mRNA as a lineage tracer. Immunohistochemical analysis using anti-g-crystallin monoclonal antibody revealed the presence of ectopic staining within b-galactosidase-positive cells on the side injected with XmafB (Fig. 7E,F) . Although XmafB could induce the expression of g-crystallin at the protein level, however, histological sections did not detect ectopic lenslike structures (Fig. 7G) . Similar results were observed for XL-maf (data not shown). Thus it appears that both mafs can induce g-crystallin at the protein level but are not able to convert these cells morphologically into lens cells.
XmafB induces Pax6 expression in animal caps
Correlation of the spatial and temporal expression patterns of mafs with the timing of lens induction suggests that they may play a pivotal role in lens determination. We therefore asked whether mafs could induce expression of lens-speci®c markers by using the animal cap assay (Fig.  8A) . XmafB or XL-maf RNA was injected into the animal region of two blastomeres at the two-cell stage. At stage 9 animal caps were dissected from these embryos, cultured until stage 32 and analyzed for aA-, bA4-and multiple gcrystallin mRNA (g1-to g5-crystallin; Smolich et al., 1993) expression by RT±PCR. As shown in Fig. 8B , both mafs induced the expression of bA4-and g-crystallin dramatically but not aA-crystallin in animal cap explants. The expression of XmafB preceding that of XL-maf in the lens placode suggested that XmafB may activate the expression of XL-maf. However, we were unable to observe induction of XL-maf expression by XmafB in animal cap assays (Fig.  6B) . This is consistent with our observation that XL-maf expression requires the presence of the optic vesicle but XmafB does not. In Xenopus, g-crystallin is ®rst detected in the embryonic lens simultaneously with b-crystallin, while aA-crystallin appears at later stages (Brunekreef et al., 1997 ; unpublished data). These observations suggest that both mafs activate the expression of bA4-and g-crystallin during early lens development.
Several transcription factors have been shown to be involved in lens development. Pax6 and Sox3 are expressed in the PLE, corresponding to particular phases of lens induction (Zygar et al., 1998) . Six3, a murine homolog of the Drosophila sine oculis gene, induces ectopic lens in medaka ®sh (Oliver et al., 1996) . A prospero-related homeobox gene, Prox1, is expressed in the developing lens and analysis of Prox1-null mice demonstrated that it is critical for lens ®ber elongation (Oliver et al., 1993; Wigle et al., 1999) . Xenopus Prox1 is also expressed in the developing lens (Schaefer et al., 1999) . Xlens1, a fork head gene, appears to be expressed in the PLE during the process of lens-forming bias and maintains undifferentiated lens ectoderm (Kenyon et al., 1999) . To investigate the interactions of mafs with these transcription factors, animal caps expressing XmafB or XL-maf were analyzed for expression of these genes by RT±PCR (Fig. 8A) . As shown in Fig. 8B both mafs induced Sox3 expression in animal cap explants but had no effect on the expression of Six3 and XProx1. XmafB induced the expression of Pax6 and Xlens1, but XL-maf did not. The expression of XmafB was observed in uninjected explants, while XL-maf was not (Fig. 8B) . XmafB transcripts were not detected in control caps which were analyzed before control embryos reached stage 14 (data not shown). Thus distinct activities of maf genes were observed in animal caps. We also examined . XL-maf is also expressed in the prospective neural retina (arrows). (G,G H ) Subsequently expression of XmafB is found in lens epithelium, and that of XL-maf in lens ®ber cells at stage 37/38. he, head ectoderm; l, lens; le, lens epithelium; lf, lens ®ber cells; lp, lens placode; oc, optic cup; ov, optic vesicle. Scale bars: 100 mm.
whether Pax6 could induce the expression of XmafB or XLmaf in explants, but this turned out not to be the case (data not shown).
Discussion
Members of the maf gene family encode basic-leucine zipper domain (bZIP) transcription factors that have been shown to play key roles during embryogenesis (reviewed by Blank and Andrews, 1997) and lens differentiation (Ogino and Yasuda, 1998; Kawauchi et al., 1999) . We have isolated two Xenopus maf genes by RT±PCR and cDNA screening. Whole-mount in situ hybridization revealed that these maf genes, XmafB and XL-maf, exhibit unique temporal and spatial expression patterns during Xenopus lens formation, strongly suggesting that they are involved in this process.
Expression of XmafB in early Xenopus development
Chick MafB was initially identi®ed by its homology to the c-maf proto-oncogene, and shown to form a heterodimer with Fos through its leucine zipper, but not with Jun (Kataoka et al., 1994a) . We have isolated Xenopus mafB (XmafB) which shares 69% overall identity in its predicted amino acid sequence with that of mouse MafB/Kr, and 93% identity in the conserved bZIP domain (Cordes and Barsh, 1994) . XmafB is expressed in rhombomeres 5 and 6, and in their derivative neural crest cells, as shown in other vertebrates (Cordes and Barsh, 1994; Eichmann et al., 1997; Moens et al., 1998) . These data indicate a conserved role for XmafB in axial patterning during Xenopus embryogenesis. XmafB is also expressed in the pronephros, while in avians mafB expression is detected in the mesonephros (Eichmann et al., 1997) . The pronephros and mesonephros are phylogenically considered as the same organ, therefore mafB seems to have a conserved role in kidney development.
XmafB is detected in the blood islands where expression has also been reported for zebra®sh mafB, valentino (val; Moens et al., 1998) . In avian embryos mafB is expressed in the hemopoietic system but not in the embryonic yolk sac (Eichmann et al., 1997) . These observations are consistent with the possibility that MafB may regulate lineage-speci®c gene expression in myelomonocytic differentiation (Sieweke et al., 1996) . At stage 32±33/34 a cluster of XmafB expressing cells was found in r4, similar to the expression in the Mauthner cells in zebra®sh (Moens et al., 1998) . The Mauthner cells are a single pair of large, contralaterally projecting reticulospinal neurons located in r4. In Xenopus, dominant negative RARb transforms a large part of the hindbrain into r3, 4 and/or 5 identity, suggesting the induction of multiple Mauthner cells (van der Wees et al., 1998) . Although it remains to be determined whether these XmafB expressing cells correlate with the Mauthner cells in Xenopus, it is possible that mafB may play a role in a common neuronal identity among aquatic species. XmafB and val are not expressed in roof plate of the hindbrain and spinal cord as mafB/kr is in chick and mice.
Although expression of val has been observed throughout the whole lens in zebra®sh (Moens et al., 1998) , XmafB expression is restricted to the developing lens placode and lens epithelium in Xenopus. XmafB is also expressed in the somites, a location where expression has not been observed in other vertebrates. In Xenopus embryos a somite consists entirely of myotomal cells, and the XmafB expression is detected in a region near the nuclei that align down within each myotomal block (Youn and Malacinski, 1981) . Thus mafB is expressed in various tissues with conserved but species-characteristic patterns, suggesting that XmafB may play different roles in the regulation of cell-type speci®c gene expression in various tissues.
Expression of XL-maf in early Xenopus development
Analysis of the expression pattern of XL-maf showed that XL-maf is initially expressed in the lens placode and later in lens ®ber cells. XL-Maf is 91% identical to chick L-Maf in the basic domain that is essential for DNA binding, with 51% overall identity. Chick L-Maf was identi®ed as a factor that binds to the upstream enhancer element aCE2 in the aA-crystallin gene, and is able to activate lens-speci®c transcription of several crystallin genes (Ogino and Yasuda, 1998) . Chick L-maf gene is expressed in the developing lens and its onset of expression coincides with lens induction. XL-maf can ®rst be detected in the PLE at stage 24, just before thickening of the lens placode, and then in lens ®ber cells, corresponding with the expression pattern of chick Lmaf. Then, XL-maf becomes expressed in the outer layer of the retina, which is fated to give rise to photoreceptors. Chick L-maf is also expressed in photoreceptors in later stages of development (Morita and Yasuda, unpublished data). NRL, another member of the Maf family, is expressed in a number of retinal and neuronal cell types and becomes restricted to the retinal neurons during mouse embryogenesis (Liu et al., 1996) . Although XL-Maf exhibits 53% over- all identity with murine Nrl in amino acid sequence, the expression of XL-maf is distinct form that of Nrl.
Distinct expression of XmafB and XL-maf during lens development
XmafB is ®rst detected in the PLE at stage 22, when the primary eye vesicles make contact with ectoderm. The onset of XL-maf expression in the PLE occurs a little later at stage 24, just before thickening of the lens placode. This suggests that the induction of each maf gene at different developmental stages may occur as distinct signals before and after the contact of the optic vesicles. These signals might be involved in the critical lens determination step. Both genes are detected in the developing lens placode. During the process where the lens placode cells become distinct from those of the head ectoderm, however, XmafB is expressed in the prospective lens epithelium, while XLmaf expression can be detected in the prospective lens ®ber cells of the lens placode. Finally expression of XmafB is found in the lens epithelium which retains the ability to proliferate, and XL-maf is expressed in the cells that express abundant crystallins, differentiating into ®bers. These observations suggest that XmafB may be involved in proliferation and XL-maf in lens differentiation. Moreover the temporal and spatial expression patterns of mafs suggest that mafs may correlate with inductive events during lens development. In Xenopus transplantation experiments have de®ned many of the tissue interactions involved in lens formation (Grainger, 1992) . They have suggested that at the neural plate stage the PLE become biased toward lens formation, and at the neural tube stage the PLE receives the ®nal signal from optic vesicle for lens speci®cation. Otx2, Pax6 and Sox3 are activated in the PLE in response to early or late lens-inducing signals (Zygar et al., 1998) . Removal of the eye anlagen generated embryos without the optic vesicle. In these embryos, XL-maf expression was lost while XmafB expression was detected. Thus, there are at least two distinct signals for lens formation: early lens-inducing signals at the neural plate stage for XmafB expression and later signals from the optic vesicle to induce XL-maf expression. These expression patterns of mafs appears to be tightly linked to the properties of the PLE during lens formation.
Distinct roles of Mafs during lens development
L-Maf induces lens differentiation in chick neural retina cultures (Ogino and Yasuda, 1998) . Ectopic expression of XmafB and XL-maf could induce bA4-and g-crystallin gene expression in animal cap explants. Theses results might be explained by the presence of T-MARE-like sequences (TPA Maf response element; Kataoka et al., 1994b; Kerppola and Curran, 1994) in the promoters of the Xenopus g1-, g2-, and g3-crystallin genes (Smolich et al., 1993) . Homozygous cmaf mutant mice displayed a microphthalmia phenotype resulting from defects in lens ®ber elongation. In the mutant eyes, the expression of crystallin genes is dramatically reduced, suggesting that c-Maf directly regulates transactivation of the crystallin genes (Kawauchi et al., 1999; Kim et al., 1999; Ring et al., 2000) . mafs also induced the expression of Sox3. Analysis of Sox1-de®cient mice revealed that Sox1 activates the expression of g-crystallin and is essential for lens ®ber differentiation (Nishiguchi et al., 1998) . It is possible that these factors may cooperatively activate lensspeci®c transcription of crystallin genes. Thus, some maf genes are involved in lens differentiation by activating the expression of crystallin genes.
XmafB could induce the expression of Pax6 and Xlens1 in explants, but XL-maf did not. Pax6 and Xlens1 are expressed in the lens epithelium as well as XmafB. Pax6 induces Xlens1 expression, and Xlens1 suppresses the differentiation of the lens (Kenyon et al., 1999) . These suggest that XmafB functions to keep the lens epithelial cells in a proliferative state and prevents them from differentiating into lens ®ber cells. It has been shown that Pax6 and bB1-crystallin are downstream of the formation of the neural tissue in animal cap assays (Altmann et al., 1997) . We observed that neural induction by noggin did not change XmafB expression in explants (unpublished data). This is consistent with the observation that Pax6 does not induce XmafB. In Xenopus Pax6 can induce ectopic lenses only in the head region, showing that other factors are required for lens formation (Chow et al., 1999) . Lens formation can be divided into several inductive steps. XmafB induced by a signal distinct from that of Pax6, therefore, may be required for lens formation. Many transcription factors have been shown to be involved in lens development. Further challenges would be to identify the upstream regulatory cascade for the mafs, and to understand how mafs are involved in multiple inductive steps leading to lens speci®cation, determination and differentiation, interacting with other factors.
Materials and methods
Embryos
Xenopus laevis embryos were obtained by in vitro fertilization. Jelly coats were removed with 2% cysteine in water (pH 7.8), and embryos were raised in 0.1£ MBS (Sive et al., 1989) . Stages were assigned according to Nieuwkoop and Faber (1994) .
Cloning by RT±PCR and cDNA library screening
Degenerate primers corresponding to the acidic (5 H -ATGGARTAYGTIAAYGAYTTYGA-3 H ) and basic domains (5 H -GCRTAICCICKRTTYTT-3 H ) were used in RT± PCR to amplify related sequences from total RNA of Xenopus stage 28 embryos. Random primers were used for cDNA synthesis and cDNAs were ampli®ed 45 times according to their following cycles: denatured for 30 s at 948C, annealed for 1 min at 508C, and extended for 2 min at 728C. PCR fragments of appropriate size were subcloned into the pBluescript SK(1) vector (Stratagene). RT±PCR fragments excised from plasmid vector were used as 32 P-labeled probes to screen a lZAPII cDNA library prepared from stage 28±30 heads (Hemmati et al., 1991) under conditions of high stringency. Filters were hybridized in 50% formamide and 5£ SSC at 428C overnight (O/N) and then washed in 2£ SSC, 0.1% SDS and 0.1£ SSC, 0.1% SDS at 608C for 15 min twice, respectively. Single positive clones were isolated and pBluescript SK(2) phagemid from the lZAPII vector were used to transform XL1-Blue MRF H cells (Stratagene). cDNA clones were sequenced with AutoCycle Sequencing kit (Pharmacia Biotech).
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as described by Harland (1991) by omitting ribonuclease A treatment step. Digoxygenin-labeled RNA probes were synthesized by using a Dig labeling kit (Boehringer) and linearized plasmids containing a cDNA fragment. Embryos for sectioning were ®xed O/N in 4% paraformaldehyde in PBS, dehydrated in 30% sucrose and soaked in Tissue-tek (MILES) for 1±2 h at room temperature, and then embedded in Tissue-tek. Frozen sections were cut at 12±20 mm thickness, air-dried, washed in PBS, dehydrated in ethanol series and lemosol, mounted in Entellan (Merck), and photographed with Nomarski optics.
Microinjections
Capped mRNAs were generated by in vitro transcription of a full coding sequence of XmafB or XL-maf in pCS21 vector (Rupp et al., 1994; Turner and Weintraub, 1994) with MEGAscript system (Ambion). Embryos, incubated in 4% Ficoll, 1£ MBS, were microinjected with 5 nl RNA solution (10±20 ng/ml) into the animal pole region of one blastomere at 2-cell stage using a Narishige IM300 microinjector. bGalactosidase mRNA (50 pg) was co-injected as a tracer in whole-mount immunostaining. After incubation of 1±2 h the medium was changed to 0.1£ MBS in which embryos were raised until stage 33/34.
Explant culture and isolation of RNA
Dissection and incubation were carried out at 208C in 1£ MBS in agar-coated Petri dishes. The anterior neural plate was removed at stage 18 using a glass needle. Operated embryos were allowed to heal for 15±20 min in 1£ MBS, then transferred to 0.1£ MBS. Animal caps were dissected from injected embryos at stage 9, and incubated in 0.5£ MBS until stage 32. RNA from 20±40 explants was isolated with Isogen (Nippon Gene) according to the manufacturer's instructions and degradation was checked by agarose gel electrophoresis.
al., 1993) was used at a 1:30 dilution, and the reaction was performed O/N at 48C. The sections were washed two times, 10 min each, in PBS and incubated for 1 h with peroxidaseconjugated antibody to mouse Ig diluted at 1:60 (Amersham). Following wash the same way as described above, the sections were incubated with 0.5 mg/ml 3,3
H -diaminobenzidine tetrahydrochloride (DAB; Sigma) in PBT for 30 min, then with DAB solution containing 0.02% H 2 O 2 . When the color reaction was complete, the sections were re®xed for 15 min in 4% PFA after a brief wash in PBS.
